HS (high shear) stress associated with artery stenosis facilitates TG (thrombin generation) by increasing the release of procoagulant PDMPs (platelet-derived microparticles). Physical exercise and hypoxia may paradoxically modulate vascular thrombotic risks. for 30 min/day, 5 days/week for 4 weeks. The PDMP characteristics and dynamic TG were measured by flow cytometry and thrombinography respectively. Before the intervention, strenuous exercise markedly increased the PDMP count (14.8 %) and TG rate (19.5 %) in PDMP-rich plasma at 100 dynes/cm 2 of shear stress (P < 0.05). After the interventions, both NT and HRT significantly attenuated the enhancement of HS-induced PDMPs (4.7 and 4.9 %) and TG rate (3.8 and 3.0 %) (P < 0.05) by severe exercise. Conversely, HAT notably promoted the PDMP count (37.3 %) and TG rate (38.9 %) induced by HS (P < 0.05), concurrent with increasing plasma TF (tissue factor) and coagulation factor V levels at rest or following exercise. We conclude that both HRT and NT depress similarly HS-mediated TG during exercise, but HAT accelerates the prothrombotic response to vigorous exercise. These findings provide new insights into how exercise training under a hypoxic condition influences the risk of thrombosis associated with stenotic arteries.
INTRODUCTION
Exercise training in hypoxic environments may confer significant advantages over normoxic conditions by increasing pulmonary ventilation, adaptation of the haemopoietic system and tissue utilization of O 2 [1] [2] [3] . Therefore, the effect of hypoxic exercise training on aerobic capacity has received considerable attention. However, the same absolute workload at altitude elicits a greater exercise intensity compared with at sea level, but the hypoxicrelative exercise requires a less intensive training workload than the normoxic exercise does. Hence hypoxic exercise training may impose, paradoxically, both physiological and metabolic adjustAbbreviations: AMC, 7-amino-4-methylcoumarin; [Ca 2 + ]i, intracellular [Ca 2 + ]; ETP , endogenous thrombin potential; FV, Factor V; FVa, activated FV; FVIII, Factor VIII; FX, Factor X; FXa, activated FX; GXT, graded exercise test; HAT, hypoxic-absolute training; HC, hypoxic control; HR, heart rate; HRT, hypoxic-relative training; HS, high shear; LS, low shear; MPP , microparticle-poor plasma; MRP , microparticle-rich plasma; NC, normoxic control; NT, normoxic training; PDMP , platelet-derived microparticle; PE, phycoerythrin; PRP , platelet-rich plasma; PS, phosphatidylserine; SaO 2 , arterial O 2 saturation; TF, tissue factor; TG, thrombin generation;VCO 2 , CO 2 production;VE, minute ventilation;VO 2 , oxygen consumption;VO 2 max , maximalVO 2 ; vWF, von Willebrand factor.
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ments, according to responses dependent on the concentration of intervening O 2 and the intensity of exercise [4] . Moreover, hypoxic preconditioning may reduce the volume of cerebral infarction or oedema [5] and attenuate the loss of myocardial contractility [6] immediately following sub-lethal ischaemic insults. In contrast, systemic or intermittent hypoxia may also have detrimental effects on the haemostatic system, such as accelerating a prothrombinase complex assembly and facilitating TG (thrombin generation) [7, 8] . In addition, the intensity of physical exercise may be associated with modulating thrombogenesis [9] . Vigorous exercise-induced HS (high shear) flow in narrowed vessels may exaggerate prothrombotic risks in patients with coronary artery disease, but low to moderate intensity of exercise does not present a risk of thrombosis. To our knowledge, a 'safe and effective' strategy of exercise training combined with hypoxia that promotes superior aerobic fitness, but minimizes the risk of vascular thrombotic events has not yet been established.
HS stress induces activation of blood coagulation through increasing PDMPs (platelet-derived microparticles), which have been implicated as the clinical indicator for atherothrombotic occlusions [10, 11] or the acute phase of cerebral infarction [12] . The negatively charged PS (phosphatidylserine) on the outer membrane of PDMPs can bind the coagulants FVIII (Factor VIII), FVa [activated FV (Factor V)] and FXa [activated FX (Factor X)], providing a strongly catalytic surface for the assembly of prothrombinase and tenase [13] . Moreover, the complex of TF (tissue factor) with FVIIa (activated Factor VII) on the PDMP membrane leads to the conversion of inactive FX into its active form FXa, and follows with later common pathway TG [14] . A previous study showed that acute strenuous exercise increased the release of the FV/FVa-/FVIII-/TF-rich and PS-exposed PDMPs and subsequently accelerated TG under pathological shear conditions [15] . Acute hypoxic exposure also affected plasmatic TG by modulating the production of FVIII in a concentration-dependent manner [8] . However, no clear and comprehensive picture of the effects of hypoxic exercise training on shear-induced procoagulant activation of PDMPs is available. In the present study, we further hypothesize that hypoxic exercise training may improve exercise performance to a greater extent compared with normoxic physical training. However, absolute (50 % of peak workrate) exercise training under hypoxic condition may also provoke shear-induced TG by modulating the formation and procoagulant activity of PDMPs.
To test the hypotheses, the effects of exercise training with/without hypoxia on (i) FV/Va-/FVIII-rich and PS-exposed PDMP levels (intrinsic coagulation pathway), (ii) TF expression on PDMPs (extrinsic coagulation pathway), and (iii) dynamic TG mediated by PDMPs under various physio-pathological shear flows were explored. To evaluate shear-mediated procoagulant activity, the present study adopted a cone-plate viscometer to simulate various shear conditions (i.e. venules or stenotic vessels) in human circulation, and then employed two-colour flow cytometry and a calibrated automatic thrombinography to measure changes of PDMPs formation and dynamic TG respectively [15] .
MATERIALS AND METHODS

Subjects and ethic approval
A total of 75 sedentary men who were non-smokers, non-users of alcohol/medications/vitamins and cardiovascular/haematological risk-free were recruited in 1 year from Chang Gung University, Taiwan. No subject had regular exercise habits (i.e. exercise frequency once per week, duration <20 min) or were exposed to high altitudes ( 3000 m) for at least 1 year before the experiment. The investigation was following the Declaration of Helsinki and approved by the Chang Gung Memorial Hospital Institutional Review Board, Taiwan. All subjects provided informed consents after the experimental procedures were explained.
The subjects were randomly divided into five groups (each group n = 15) as described in our previous studies [1] . In brief, participants were exposed to 21 
GXT (graded exercise test) and blood collection protocol
Each subject performed GXTs on a bicycle ergometer 2 days before and 2 days after the intervention. Subjects were instructed to fast for at least 8 h and to refrain from exercise for at least 24 h before the GXT. All subjects arrived at the testing centre at 9:00 AM on their testing day to eliminate any possible diurnal effect. The GXT consisted of 2 min of unloaded pedalling; the loading increased by 30 W every 3 min until exhaustion {i.e. progressive exercise up toVO 2 max [maximalVO 2 (oxygen consumption)]. HR, BP (blood pressure),VE (minute ventilation),VO 2 andVCO 2 (CO 2 production) were measured using an automated system (MasterScreen CPX; Cardinal Health). TheVO 2 max was the value at which the level ofVO 2 increased less than 2 ml · kg
after at least 2 min, HR exceeded its predicted maximum (i.e. equal to 220 − age), respiratory exchange ratio exceeded 1.2 or the venous lactate concentration exceeded 8 mM [1] . Before and immediately after the GXT, blood samples were collected from an antecubital vein using a clean venipuncture (19-gauge needle). The first 2 ml of blood was discarded, and the remaining blood was used to measure haematological parameters and procoagulant activity of PDMPs [15] . Platelet count was measured using an automatic counter (Sysmex SF-3000; GMI).
Shear-induced PDMP production
Blood samples were collected in polypropylene tubes that contained sodium citrate (3.8 g/dl, 1-9 vol. blood). PRP (platelet-rich plasma) was prepared by centrifugation at 120 g for 10 min at room temperature (20 • C), and MPP (microparticle-poor plasma) was obtained by re-centrifugation at 17 570 g for 30 min, also at room temperature. The number of platelets in PRP was adjusted to 2.5×10 8 events/ml, placed in a 1 mg/ml albumin (SigmaAldrich)-coated glass plate with a diameter of 32 mm and sheared under controlled levels of shear stress at 37
• C for 3 min using a rotational viscometer (CAP2000; Brookfield). In brief, the PRP samples were exposed to static condition (static, 0 dyne/cm 2 for 3 min; rotating speed of cone 0 rev./min), LS stress (low shear, 10 dynes/cm 2 for 3 min; rotating speed of cone 75 rev./min; to mimic venules) and HS stress (100 dynes/cm 2 for 3 min; rotating speed of cone 750 rev./min; to mimic stenotic vessels) ex vivo at 37
• C [15] . To prepare PDMPs, the static or sheared PRP was sedimented by centrifugation at 1600 g for 10 min, and the supernatant was then collected and additionally centrifuged at 17 570 g for 30 min. The sedimented microparticles were resuspended in 50 μl of MPP, which was used as a MRP (microparticle-rich plasma).
Procoagulant-rich PDMPs and platelets
Static or sheared PRP was incubated with a saturating concentration of FITC-conjugated monoclonal anti-human CD61 antibody (MCA728F; Serotec) combined with Cy5-conjugated monoclonal anti-human FV/Va (GMA-044; Upstate), FVIII (ESH-4; American Diagnostica) or PE (phycoerythrin)-conjugated TF (HTF-1; BD Pharmingen) antibody or Cy5 (indodicarbocyanine)-conjugated anti-rabbit IgG (eBioscience) control antibody, in darkness for 30 min at 4
• C. The procoagulant-rich PDMP population was determined by FACSCalibur TM two-colour flow cytometry (Becton Dickinson) according to the events that had been labelled with CD61-FITC [16] and their distribution in the light scatter, as described before [15, 17] . Standard size beads of 0.5, 0.9 and 3 μm (Megamix from Biocytex) were used to set the gating scale in forward light scatter (FSC) parameter of microparticles. In brief, the population of CD61
+ PDMPs was gated separately from the CD61 + platelet population on the basis of forward light scatter, and the Cy5-or PE-stained events observed in the CD61 + PDMP gate were then expressed as definition FV/Va-, FVIII-or TFrich PDMPs (unit = events/ml). The exposure of PS on CD61 + PDMPs (unit = events/ml) was also detected by flow cytometry using a commercial Annexin V-Cy5 kit (Biovision).
TG assay
TG was measured by calibrated, automatic thrombinography (Synapse/Thrombinoscope), as described in our previous studies [8, 15] . Briefly, 80 μl of the plasma samples were allocated into the wells of round bottom 96-well microtitre plates (Nunc). Reagent (20 μl) containing TF was mixed with the plasma samples to obtain a final concentration of 0.5 pM TF. Coagulation was started by adding 0.1 M CaCl 2 (20 μl) in a fresh mixture of fluobuffer (containing 20 mM HEPES and 60 mg/ml BSA, pH 7.35) containing 2.5 mM Z-Gly-Gly-Arg-AMC (7-amino-4-methylcoumarin; the fluorogenic substrate) (Synapse/ Thrombinoscope). Upon cleaving by thrombin, the fluorescent AMC is released and measured with a 390-nm-excitation and a 460-nm-emission filter set in an Ascent Fluoroskan (Thermo Fisher Scientific). All reagents were warmed to 37
• C before the experiment began. Fluorescence was recorded for 120 min. The fluorescence signal was corrected for substrate consumption, plasma colour variability and inner filter fluorescence effect by running in parallel calibrating wells where 80 μl of plasma samples were mixed with 20 μl of Thrombin Calibrator from Thrombinoscope BV. The calculated data using analytic software from Synapse/Thrombinoscope were plotted and expressed in terms of lag time (time until initial thrombin formation, min), ETP (endogenous thrombin potential; area under the thrombin curve, nM×min), height of the thrombin peak (nM) and the rate of TG (mean slope = peak height/[time to peak-lag time], nM/min).
Plasma FV, FVIII and TF levels
The concentrations of plasma FV (AssayPro), FVIII (American Diagnostica) and TF (AssayPro) were assayed using ELISA kits.
According to the manufacturers, the minimum detection of TF and FV was 10 pg/ml and 0.9 ng/ml respectively.
Statistical analysis
Kolmogorov-Smirnov's goodness-of-fit test was used and normal distribution was observed in the present study. Results are expressed as means + − S.E.M. The statistical software package StatView was used for data analysis. Experimental results were analysed by 2 (groups)×4 (time sample points) repeated measures ANOVA and Bonferonni's post-hoc test to compare the PDMP characteristics, dynamic TG parameters and plasma coagulant factor levels before and immediately after GXT at the beginning of the present study and after 4 weeks in various groups. In addition, the comparison of cardiopulmonary fitness during GXT at the beginning of the present study and 4 weeks later in various groups were analysed by 5 (groups)×2 (time sample points) repeated measures ANOVA and Bonferonni's post-hoc test. The criterion for significance was P < 0.05.
RESULTS
Cardiopulmonary fitness
The rate of compliance with the five interventions was 100 %. The five experimental groups did not differ significantly in anthropometric parameters or cardiopulmonary fitness at the beginning of the study (Table 1 ). The NT, HRT and HAT for 4 weeks elevated ventilation threshold and increased maximal exercise performance (Table 1) . Moreover, the HAT group had a higherVO 2 max level, as reflecting a larger aerobic capacity, than the HRT and NT groups (P < 0.05). However, either NC or HC intervention remained unchanged cardiopulmonary fitness (Table 1) . (Figure 3b )-exposed microparticles from platelets, and these phenomena were magnified after GXT. However, there were no significant changes in the procoagulant PDMP levels under static and LS conditions following GXT (Figures 1-3) .
Platelet-derived procoagulant microparticles
The GXT substantially promoted total PDMP counts induced by HS stress (Figure 1 , P < 0.05). After 4 weeks of intervention, both the HRT and NT groups reduced the extent of HS-induced total PDMP formation ( Figure 1 ) and procoagulant levels (FV/Va-and FVIII-rich, TF-expression and PS-exposed PDMPs) enhanced by GXT (Figures 2 and 3) . Conversely, the hypoxic-absolute regimen (HAT) significantly augmented the GXT effects on total PDMP numbers ( Figure 1 , P < 0.05) and procoagulant levels (Figures 2 and 3) under HS condition. However, the levels of resting or exercise procoagulant PDMPs under static, LS or HS conditions remained unchanged following 4-week NC or HC (Figures 2 and 3 ).
PDMP-mediated dynamic TG
With respect to the analytic parameters of dynamic TG, both LS and HS shortened lag time, elevated peak height and increased Pre-R, resting before intervention; Pre-E, exercise before intervention; Post-R, resting after intervention; Post-E, exercise after intervention; LS, low shear stress; HS, high shear stress. * P < 0.05 compared with rest; + P < 0.05 compared with pre-intervention.
the rate of TG, but did not change ETP in PRP (Table 2 and Figure 4a ) or MRP (Table 3 and Figure 4b) . Furthermore, the changes in dynamic TG were not observed in the MPP in which PDMPs had been removed by ultracentrifugation (results not shown), indicating that shear-induced dynamic TG alterations involve an increase in the release of PDMPs. In addition, the GXT significantly elevated the peak height (Tables 2 and 3 ) and increased the rate of thrombin (Figure 4 ) through HS stimulation. However, no significant change was observed under static and LS conditions following GXT (Tables 2  and 3 , and Figure 4 ). Both NT and HRT ameliorated the enhancements of HS-induced TG after GXT. However, the hypoxicabsolute (HAT) regimen exaggerated dynamic TG changes mediated by HS following GXT (Tables 2 and 3 and Figure 4 ). In addition, either NC or HC did not significantly change the values of resting and exercise dynamic TG parameters under static, LS or HS conditions.
Coagulant factors in plasma
At the beginning of the present study, the GXT markedly increased TF level, but did not change FV and FVIII levels ( Table 4) . Following 4 weeks of the interventions, the HAT subjects had increases in plasma TF level at rest and plasma FV level after GXT, whereas plasma TF, FV and FVIII levels at rest and after GXT were unchanged in other intervention groups (Table 4) .
DISCUSSION
The results of the present study demonstrate clearly that exercise training combined with or without hypoxic exposure significantly improves cardiopulmonary fitness of sedentary males. Of note, both HRT and NT attenuate the enhancements of HS-induced FV/Va-/FVIII-/TF-rich and PS-exposed PDMP release and TG rate by strenuous exercise (i.e. GXT). Conversely, the hypoxicabsolute exercise regimen (HAT) enhances the release of the procoagulant microparticles from platelets and increased the rate of TG under HS condition. However, no significant changes in HS-induced formation and procoagulant activation of PDMPs are observed in either the NC or HC groups. PDMP formation induced by shear forces in stenotic vessels is one of the mechanisms of coronary thrombosis or acute cerebral infarction [10] [11] [12] [13] . Owing to the enrichment of procoagulant factors, the PDMP membrane exhibits higher coagulative activity than the surface of activated platelet [18] . The increased blood flow during vigorous exercise through narrowed coronary arteries in patients with CAD (coronary artery disease) may produce an extremely HS stress. Under a condition that mimicked stenotic arterial shear flow (100 dynes/cm 2 ) [19] , severe exercise accelerated dynamic TG, which was associated with an increase in procoagulant-rich PDMP level, as observed in the present study. Hence the formation of procoagulant-rich PDMPs Table 2 Effects of exercise training with or without hypoxia on shear-mediated parameters of dynamic TG in PRP Results as means + − S.E.M. * P < 0.05 compared with rest; †P < 0.05 compared with pre-intervention (Pre). Pre, pre-intervention; Post, post-intervention. enhanced by this exercise may partially contribute to the risk of vascular thrombogenesis evoked by vigorous exercise. After 4 weeks of interventions, both normoxic and hypoxicrelative exercise regimens diminished the enhancement effects of strenuous exercise on HS-mediated procoagulant-rich PDMPs formation and dynamic TG. Moreover, the hypoxic-relative exercise training also eliminated the elevation in plasma TF caused by severe exercise. In addition, the hypoxic-relative exercise requires a less intensive training workload than the normoxic exercise does to improve aerobic capacity [1] . Therefore the hypoxic-relative exercise intervention can be considered a 'safe and modestly effective' strategy for improving individual aerobic capacity while minimizing coagulation activation during vigorous exercise comparable with normoxic physical training.
HAT
Several mechanisms potentially explain why both normoxic and hypoxic-relative exercise regimens depressed HS-induced procoagulant PDMPs activation enhanced by severe exercise. Some studies have shown that shear-induced PDMPs formation depended upon the binding of vWF (von Willebrand factor) to glycoprotein Ib on platelets, the influx of extracellular Ca 2 + to platelets and the activation of platelet glycoprotein IIb/IIIa [20] [21] [22] . Our previous investigations have demonstrated that moderate-intensity exercise training suppressed the increases in platelet reactivity [23] [24] caused by strenuous exercise, which was associated with reduced vWF binding to platelets and P-selectin expression on platelets [23] . In addition, exercise training also enhanced substantial release of NO from platelets and the endothelium, leading to increased platelet cGMP level and reduced platelet [Ca 2 + ] i [9, 25] , which may, in turn, suppress HS-induced PDMP formation during severe exercise. On the other hand, a recent review showed that an acute exposure to the combination of submaximal exercise and moderate hypoxia resulted in augmented vasodilation in the coronary and skeletal muscle vascular beds relative to the same level of exercise under normoxic conditions [26] . This compensatory vasodilation occurs to ensure an adequate oxygen delivery. However, the major stimuli of NO production during hypoxic exercise may include prostaglandins and ATP released from erythrocytes desaturation [26] . Taken together, these findings suggest that NO is the final common pathway for the compensatory dilator, platelet inhibitor and antioxidant responses during NRT and NT. However, the stimulus for NO release varies with different exercise strategies.
In the present study, the hypoxic-absolute exercise intervention was more effective in the improvement of aerobic capacity compared with the normoxic exercise did. When exercise is performed under the same workload during normoxia and hypoxia, a relative higher intensity, indicated by elevated exercise HR, occurs during exposure to hypoxia [1] . Hence a larger improvement of aerobic capacity in the hypoxic-absolute exercise group may be mainly attributed to a higher cardiopulmonary stress during exercise, compared with those in the normoxic exercise group. However, our previous study showed that 50 [1] . Blood is subjected to oxidative stress during extremely hypoxic exposure [8] ; and oxidative stress directly enhances platelet reactivity [27] and activates the coagulation system [8] . Recently, we found that the HAT promoted the PS exposure of erythrocytes under the H 2 O 2 treatment [28] . However, the degree of erythrocyte PS exposure induced by H 2 O 2 remained unchanged following the NT. According to these previous findings of erythrocytes [28] , we posit that the HAT may potentiate platelet activity by elevating oxidative stress or lowering anti-oxidative capacity, subsequently augmenting HS-induced formations of PS-exposed PDMPs during severe exercise. In addition, the hypoxic-absolute exercise group increased exercise FV/Va level in plasma. Hence this regimen may increase the ability of FVIII/FVa/FXa binding to PSexposed PDMPs and subsequently facilitate the assembly of prothrombinase and tenase, ultimately accelerating the conversion of prothrombin into thrombin. Meanwhile, the hypoxic-absolute exercise intervention up-regulated HS-induced TF expression on PDMPs, suggesting this regimen also activates the extrinsic coagulation pathway on PDMPs, further increasing the rate of TG. However, the significance of platelet and PDMPs TF expression contributes to vascular thrombosis is still debatable, further qualified studies are needed. In summary, training under hypoxic condition with absolute workload (HAT) may confer greater hypoxemia and oxidative stress, and therefore contribute to higher thrombotic risks thereafter.
The HC regimen for 4 weeks did not influence HS-induced PDMP formation and TG acceleration at rest or following severe exercise, which suggests that hypoxic (15 % O 2 ) intervention alone is insufficient to trigger the change of PDMP-mediated procoagulant activity under shear flows [29] . The findings of PDMP characteristics and dynamic TG in the HC regimen were consistent with the results in our recent investigations [1] .
Limitations
The statistical power of the present study reaches from 0.745 to 1.000. One of the limitations of the present work is that the subjects tend to be young and healthy; hence further clinical evidence is required to extrapolate the present results to patients with coronary stenosis, myocardiac ischaemia or stoke. Furthermore, lower levels of PDMP were observed in our study, which may be related to the lower resolution power of the flow cytometer [30, 31] . However, standard beads (0.3, 0.5 and 0.9 μm) were used for the signal calibration; hence the effects of exercise with/without hypoxic interventions on the levels of PDMP were reliable and comparable between groups. Besides, the posttraining GXT was not only used to compare the training effects between groups on the maximal aerobic performance, but also used as a stimulus to mimic the situation when the participants will perform strenuous exercise in daily life. Nevertheless, given that subjects would have exercised for a different duration after training, differences in haemodynamics would have occurred and further research using a similar pre-and post-training task at the same absolute intensity of exercise would be worth investigating.
Conclusions
Both NT and hypoxic-relative exercise (HRT) groups desensitize the extent of HS stress-induced TG rate after vigorous exercise.
These changes are likely to be mediated by the decreases in the releases of FV/Va-rich/FVIII-rich, TF-expressed and PS-exposed microparticles from platelets. In addition, although the hypoxicabsolute exercise group (HAT) exhibits a larger cardiopulmonary adaptation than the HRT or NT does, HAT simultaneously promotes HS-induced procoagulant activation of PDMPs and increases the levels of FV and TF in plasma. Therefore training in hypoxia with a relative workload (according to exercise HR), can be considered a 'safe and modestly effective' strategy as it requires lighter training workload than normoxic exercise. However, training in hypoxia with an absolute workload, may be applied with caution (especially for cardiovascular patients) as it has negative effect on thrombogenicity. These findings provide new insights into how exercise training under a hypoxic condition influences the risk of thrombosis associated with stenotic arteries or acute cerebral infarctions.
CLINICAL PERSPECTIVES
r Exercise training in hypoxic environments may confer significant advantages over normoxic conditions; however, physical exercise and hypoxia may also paradoxically modulate vascular thrombotic risks.
r The results of the present study indicate that both HRT and NT depress HS-mediated TG and procoagulant PDMPs release similarly during exercise, but hypoxic-absolute exercise training (HAT) accelerates the prothrombotic response to vigorous exercise.
r Training in hypoxia with a relative workload (according to exercise HR) can be considered a 'safe and modestly effective' strategy as it requires lighter training workload than normoxic exercise. However, training in hypoxia with an absolute workload, may be applied with caution (especially for cardiovascular patients) as it has negative effect on thrombogenicity. These findings provide new insights into how exercise training under a hypoxic condition influences the risk of thrombosis associated with stenotic arteries or acute cerebral infarctions. 
